This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. 
| INTRODUCTION
Venous thromboembolic (VTE) events are the second most common cause of death in cancer patients. 1 Hematologic malignancies have been shown to be generally associated with higher rates of thrombosis compared with solid tumors and the risk of thrombosis in patients presenting such cancers has been reported to be 28-fold higher than in people without cancer. 2 Among hematologic malignancies, multiple myeloma (MM) is associated with the highest risk of thrombosis, 2 particularly during the first months of first-line treatment, 3, 4 and VTE event is associated with a lower survival rate in this setting. 5 Immunomodulatory drugs (IMiDs) are known to be associated with an increased VTE risk, but the mechanism underlying this phenomenon is poorly understood. 6, 7 Current guidelines propose aspirin or low-molecular-weight heparin (LMWH) for thromboprophylaxis in MM patients treated with IMiDs, based on VTE risk stratification.
However, the risk factors for thromboembolism in these patients are not precisely known. Only a shorter time interval between diagnosis and IMiDs initiation and recombinant erythropoietin (rEPO) treatment have been found to have a significant impact on VTE risk. 7, 8 In a recent study, physicians were asked to assess the VTE risk of each of their patients as low, intermediate or high, based on their own clinical evaluation. A substantial discrepancy between the risk factors recorded and the physicians' assessments was evidenced.
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Moreover, LMWH thromboprophylaxis has a substantial impact on health care resource consumption, resulting in a marked cost increase during recent years, 10 and also seems to decrease quality of life. 10 There is no consensus on prevention of VTE risk at present. To help physicians to decide whether or not to initiate VTE prophylaxis in patients with MM, we need to identify the most relevant criteria, construct appropriate algorithms and find useful biomarkers.
Calibrated automated thrombography (CAT) has been proved to be capable of identifying and quantifying hypercoagulability.
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This test evaluates the entire course of thrombin production in adequately stimulated plasma, ie, thrombin generation (TG), and belongs to the class of global coagulation tests assessing the entire coagulation process. Observational studies of patients with cancer have found a higher basal thrombin peak (TP) and/or a higher endogenous thrombin potential (ETP) in patients subsequently manifesting VTE event, compared with patients experiencing no such event. [12] [13] [14] The aim of the present study was to evaluate TG by CAT during the first three cycles of chemotherapy in patients with newly diagnosed MM (nMM), to determine whether changes in coagulability during initial treatment might be associated with thrombotic risk.
| METHODS

| Study design
This prospective observational study (NCT01508416) was conducted at four centers in France from December 2011 to May 2015
and enrolled patients with nMM (ie, before any treatment). The respective institutional review boards approved the study. All patients gave their written informed consent before entering the study, which was performed in accordance with the Declaration of Helsinki. The investigators designed the study and were responsible for data collection and analysis.
| Patients
Previously untreated patients were assessed for eligibility for the study and were enrolled if eligible. Inclusion criteria were medical insurance coverage, written consent, and nMM requiring chemotherapy, in a broad sense, according to current standards. Exclusion criteria were renal failure necessitating hemodialysis, ongoing anticoagulant therapy for any reason other than thromboprophylaxis in the nMM setting (see below), impossibility of a 3-month follow-up, and life expectancy <6 months. All nMM treatments were allowed, 
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Essentials
• Multiple myeloma carries a high risk of thrombosis but there is no consensus on prevention.
• Identification of biomarkers indicating a need for thromboprophylaxis would be helpful.
• In this study, thrombin generation was not predictive of thrombosis risk.
• Heparin prophylaxis was the only factor associated with a reduced risk of thrombosis.
| Sample collection
All blood samples were analyzed in a core laboratory at the U1059 
| Preparation of platelet-rich plasma and platelet-poor plasma
Laboratory tests were performed on platelet-rich plasma (PRP) for patients from centers 1 and 2. Blood was drawn into S-Monovette tubes, mixed therein with a 1:10 volume of 0.106 mol/L tri-sodium citrate (Sarstedt, Mamay, France), and centrifuged at 140 g for 10 minutes at 20°C. Platelet count was not adjusted. PRP was used within 2 hours after blood collection. To obtain platelet-poor plasma (PPP), blood was centrifuged twice at 2500 g for 15 minutes. PPP was stored at −80°C
and thawed for 5 minutes in a water bath at 37°C before TG assay.
| Thrombin generation study
TG was measured at 37°C using CAT and a Fluoroscan Ascent 
| Clinical follow-up
All patients included were examined at baseline and before each treatment cycle until the first day of the fourth cycle. Depending on the type of treatment, the total follow-up period varied from 84 days (eg, with bortezomib, dexamethasone and thalidomide treatment) to 168 days (eg, with melphalan, prednisone, and thalidomide treatment). All proven episodes of bleeding and arterial or venous thromboembolism were recorded at each visit with the corresponding documentation, and patients were instructed to contact the investigators in the case of any suspected event. Any patient requiring anticoagulant treatment at therapeutic doses was withdrawn from the study.
| Outcome measures
The primary endpoint was a change in TG from baseline determined the day before each treatment cycle. The TG parameters evaluated were: ETP, corresponding to the area under the curve, lag-time (LT), TP, time to peak (ttP), and velocity, corresponding to the propagation F I G U R E 1 Treatment of patients included in the trial. MPT, melphalan, prednisone, and thalidomide; VTD, bortezomib, thalidomide, and dexamethasone; LVD, lenalidomide, bortezomib, and dexamethasone; VD, bortezomib and dexamethasone; VCD, bortezomib, cyclophosphamide, and dexamethasone; VMP, bortezomib, melphalan, and prednisone; UFH, unfractionated heparin; LMWH, lowmolecular-weight heparin The composite secondary endpoint was defined as the proportion of patients developing a first episode of image-confirmed deep-vein thrombosis, pulmonary embolism, or any acute cardiovascular event (acute myocardial infarction, ischemic stroke, or peripheral arterial thrombosis), or sudden, otherwise unexplained death (presumed to be caused by pulmonary embolism, acute myocardial infarction, or stroke) during the first three treatment cycles.
Major bleeding was defined as fatal bleeding, symptomatic bleeding in a crucial area or organ, or bleeding causing a reduction in hemoglobin concentration of 2 g/dL or necessitating transfusion of two or more units of whole blood or red blood cells (RBC). Clinically relevant bleeding was defined as macroscopic hematuria or epistaxis, or repeated hemoptysis requiring a change in medical management, or unusual menometrorrhagia, or intra-articular hematoma, or any other bleeding event sufficiently relevant to require a change in medical management.
Minor bleeding was defined as any other bleeding episode not meeting the criteria for major bleeding or clinically relevant bleeding.
| Statistical analysis
We used the secondary endpoint as the basis for calculating the sample size as no data had been published concerning our primary endpoint. Based on a VTE events rate of 4.1 (95% CI, 2. 
| RESULTS
A total of 71 patients were enrolled in the study, of whom 47 (66%) received IMiDs containing regimens (Figure 1 (Table 3) , this difference being no longer detectable at the last time-point, just before the fourth treatment cycle. In contrast, the use of thromboprophylaxis, including the use of aspirin, was not associated with any TG parameter either in PPP or in PRP (see Table S1 ). Blood was withdrawn at least 24 hours after the last anticoagulant injection and in the case of heparin prophylaxis, anti-Xa activities were checked (see Table S1 ).
During the study period, objectively confirmed VTE events, symptomatic in all cases except one, occurred in eight patients (11.3%, 95%
CI, 5-21): four patients under aspirin prophylaxis, two under LMWH, and two receiving no prophylaxis ( Figure 1 , Table 4 
| DISCUSSION
In this study involving 71 patients, TG parameters measured in PPP and PRP did not change significantly during the first three cycles 
TA B L E 2 Endogenous thrombin potential and thrombin peak in plateletpoor plasma (PPP)
of chemotherapy in nMM patients, irrespective of the use or type of thromboprophylaxis. These parameters were not associated with the onset of early thromboembolism events, which occurred at a rate of 11% as expected. Even though this result could be challenged by studying a larger number of patients, the ability of the TG test to predict VTE events in such a population is unlikely to be useful, according to our results, at least under the experimental conditions we used for CAT. Some patients had a previous history of thrombosis (Table 1 ). This could have influenced both the laboratory results and the risk of thrombosis during chemotherapy, but we decided to not exclude these patients as in the Palumbo study. 4 In addition, the medical history of thromboembolism could have influenced the MM treatment choice.
We found no significant changes in TG over time. These results contrast with those of two recent studies, in which certain TG parameters (ETP and peak height) were found either to be higher for patients with MM experiencing thromboembolic events compared with those manifesting no events, 14 or to show an increase during 3 months of MM therapy. 15 In our opinion, these results warrant cautious appraisal in view of several methodological issues. First, the number of patients was low in both studies: 36 and 24, respectively. Furthermore, the study populations included both patients with nMM (13 and 17, respectively) and relapsing MM (23 and 7, respectively), yet the thromboembolic risk differs between these two groups of patients. 6 In addition, the timing of blood sampling for the assessment of TG during MM treatment was not defined in one study 14 and was not related to the number of chemotherapy cycles in the other. 15 Finally, in one study, most thromboembolic events (7 out of a total of 11) were observed more than 6 months after the start of MM treatment (at 48 months in the case of two events), rendering interpretation of the clinical relevance of laboratory findings
; in the other study, TG values observed in the three patients experiencing thromboembolic events did not differ from those of patients manifesting no thromboembolic events. 15 It is worth noting that we found a substantial variation in ETP results, with some patients having a surprisingly low ETP, presumably associated with a hypocoagulable state. This can probably be explained by certain abnormalities known to be responsible for hemorrhagic diathesis in patients with MM.
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In addition, we did not consistently find higher baseline values of either ETP or peak thrombin in patients with nMM compared to those reported in patients with monoclonal gammopathy of undetermined significance and healthy controls. 15, [17] [18] [19] The coagulability associated with nMM therefore remains an enigma.
We found that ETP values determined in PPP were significantly higher during the first two treatment cycles in patients receiving
IMiDs-containing regimens compared with those receiving IMiDsfree regimens. This result is consistent with the hypothesis that ETP, endogenous thrombin potential; IQR, interquartile range; PPP, platelet-poor plasma; SD, standard deviation; TP, thrombin peak.
TA B L E 3 Endogenous thrombin potential (ETP) and thrombin peak (TP) in platelet-poor plasma (PPP) according to the immunomodulatory drugs (IMiDs) use patients treated with IMiDs might present transient acquired hypercoagulability, as suspected in light of the results of meta-analyses and observational studies. However, we did not find any association between IMiD treatment and a VTE higher risk, and surprisingly, the difference between the two patient groups was no longer evident beyond the first two treatment cycles. Moreover, our results suggest that the thromboembolic risk related to IMiDs might also be over-evaluated. 20 A protective effect of bortezomib against VTE, when added to an IMiDs, has also been reported in some studies.
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Our data do not confirm these findings, in agreement with the results of a meta-analysis. 22 In our study, thromboembolic events occurred in seven of eight patients under bortezomib and in the univariate analysis, bortezomib use was not associated with protection against thromboembolic events. However, we noted that IMiDcontaining regimens were predominantly used in younger patients (63.7 vs 71.8 years), whereas bortezomib was used in patients of all ages.
Finally, we observed that the only factor associated with a reduction in early thromboembolic risk was the use of heparin prophylaxis from baseline, whereas no significant difference was observed in two randomized studies, respectively comparing the effect of LMWH, aspirin and low-dose warfarin, and the effect of LMWH and aspirin, in patients with nMM. 4, 23 The fact that older patients with more thromboembolic risk factors were included in our study compared with the patients included in these two randomized studies (median age: 66.9 vs 61 and 58, respectively; more than two risk factors: 25% vs 5% and, at least two risk factors: 55% vs 2%) could explain, at least in part, the different effects of LMWH observed in these two studies and in ours. This hypothesis deserves to be tested in a randomized study.
Even though our study population included patients with several cardiovascular risk factors, we recorded no cardiovascular event, challenging the results of former studies, which reported an increase in the risk of arterial thrombosis. 24 In those studies, a 5.6% rate of arterial thrombosis was reported with regimens including vincristine and doxorubicin, drugs that are no longer used in the context of MM.
The reported arterial risk therefore seems to be no longer relevant.
The main limitation of our study is the close to systematic use of thromboprophylaxis, but no study can be proposed and ethically accepted with a placebo comparator.
Like some other investigations, our study also has the possible limitation that we did not take into account disease-related, Notably, we did not find any differences in TG determined in the presence of platelets (PRP) as opposed to their absence (PPP). A low concentration of TF was used to maximize the possibility of evidencing hypercoagulability while taking into account factor VIII levels, which are known to be high and even very high in patients with MM. 27, 28 The predisposition of patients with MM to thrombosis could be due to changes in endothelium, leukocytes, fibrin structure and lysis, 29, 30 which are not captured by TG studies. To conclude, under the conditions we chose for TG assessment, TG remained unchanged in patients with nMM during the first three treatment cycles and in particular, did not differ according to whether or not these patients subsequently presented a thrombotic event. The issue of how to select nMM patients requiring heparin prophylaxis therefore remains unresolved.
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